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Chapter I 3

INTRODUCTION i

- ;
O X
. Over the last several years, applications for high-energy electron ii
s beam devices have experienced significant growth. These applications 3
;1

e include such diverse areas as nuclear weapon effects simulation, intense g

microwave generation, collective ion acceleration, laser excitation, ﬁ

E; inertial confinement fusion studies, and industrial processing. Of the
many types of charged particle accelerators, the aense plasma focus (DPF)
has recently been recognized as an intense, high-energy electron beam

il source [1]. Although the generation of the electron beam is not a very

efficient process in the DPF, the device is capable of producing beams with

peak currents in excess of 30 kA with pulse durations of several nano-

" seconds. The energy of thé'e]ectrons in the beam are typically in the é
o range of a few hundred kiloelectron volts, but electrons with energies up .
:; to a megaelectron volt have also been observed. Electron beams with these
= parameters are of particular interest in radiation simulation studies
g; where the electron beam is used to produce a short, intense burst of x rays
.X by thick-target bremsstrahlung. In fact, this concept has already been
L proven useful for SGEMP (system-generated electromagnetic pulse) and TREE
(transient radiation effects in electronics) testing of satellite com-
ponents [2].
5 The DPF offers a method of producing an intense, short-duration elec-

tron burst from a relatively simple, compact device. In addition, the DPF
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accelerating mechanism produces beams with energies significantly higher
than implied by the initial capacitor bank voltage. As discussed in
Chapter II, this accelerating mechanism is attributed to the development

of an anomalous resistance in the dense plasma column.
The investigation addresses the possibility of enhancing the electron
beam output of the DPF. For the purposes of this investigation, enhance-

ment is defined as:

(1) an increase in the probability that the peak beam current will be
above some lower limit (i.e., an increase in the electron flux);
or

(2) an increase in the mean energy of the beam electrons.

The investigation was divided into two parts, each addressing one of the
above aspects of enhancement.

The first part of the investigation involved the introduction of an
externally generated, axial magnetic field in the beam drift region in
order to reduce beam losses as the beam was transported through a half-
meter-long, conductive drift tube. The externally generated magnetic
field was of sufficient strength so as to limit the Larmor radius of a
typical beam electron to a value less than the radius of the drift tube.
The use of the magnetic guiding field was shown to double the probability
that the peak beam current would exceed 10 kKA.

The second part of the investigation was motivated by observations
made in a study addressing the use of the DPF as an opening switch in an
inductive energy storage system (3]. 1In that study a secondary discharge,
which was in addition to the DPF discharge, was observed to apparently

change the energy spectrum of the x rays emitted from the pinch region.
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The x-ray dose rate at the low end of the spectrum (typically around
20 keV) was somewhat reduced by the presence of the secondary discharge
suggesting a reduced plasma temperature and density. On the other hand, an
increase in the x-ray dose rate was observed for energies greater than
300 keV suggesting an increase in the mean energy of the beam electrons
which produce radiation by thick-target bremsstrahlung.

Initial experiments in the second part of the investigation showed
that the presence of a third electrode, which was necessary to\produce the
secondary discharge, had an adverse effect on the production of the DPF
electron beam. This electrode was in addition to the DPF electrodes and
the adverse effect was observed without a secondary discharge present. On
the average, the peak beam current was observed to decrease as the distance
beween the secondary electrode and the DPF electrodes decreased. Conse-
quently, the emphasis of the second part of this investigation shifted to
an attempt to identify the cause of this effect.

Background on the operation and characteristics of the DPF as well as
a brief literature review of recent research conducted on the DPF electron
beam are presented in Chapter II. The experimental arrangement and results
are presented in Chapters III and IV, respectively. Chapter V contains a
brief outline on electron beam propagation theory and analysis of the
experimental results. Finally, conclusions and suggestions for further

research are presented in Chapter VI.
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Chapter II
BACKGROUND

The DPF is a coaxial electrode, plasma accelerator in which magnetic
energy stored in the electrode geometry and external circuit is rapidly
converted to plasma energy as an azimuthally symmetric current sheath
collapses to form a dense plasma pinch [4]. As a result of the pinch, the
device is capable of producing a high-current, short-duration, relativ-
istic electron beam, an oppositely directed ion beam, and an intense burst
of x radiation. Furthermore, with an appropriate fill gas such as deute-
rium, the DPF can be a relatively high-yield nedtron source. Since its
development in the early 1960's, the DPF has eluded the efforts of re-
searchers attempting to gain a fundamental understanding of the mechanisms
responsible for the plasma focus phenomena. The purpose of this chapter is
to summarize some of the generally accepted ideas concerning the develop-
ment of the plasma focus discharge and the resulting phenomena.

The DPF consists of a pair of coaxial electrodes which are fed by a
low-inductance conductive path from an energy storage system such as a
capacitor bank. The electrodes are surrounded by a vacuum chamber which is
usually filled with hydrogen, or deuterium, in the pressure range of a
fraction of a torr up to 20 torr.

The DPF is classified as to the geometry of its coaxial electrodes.

The Mather geometry is characterized by an electrode whose length is much

larger than the diameter; conversely, the Filippov geometry has an

............
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electrode diameter much larger than the electrode length. A hybrid of

these two, the Conrad geometry, has an electrode length equal to the
diameter. The phenomena associated with the plasma focus are common to
each of these geometries; however, discussion of the DPF discharge as it
applies to geometry is restricted to the Mather configuration since this
type was used exclusively throughout the investigation. A schematic of a
Mather-type DPF is shown in Fig. II-1. A more detailed description of the
particular device used in this investigation can be found in Chapter III.

Referring to Fig. II-1, breakdown initially occurs at (a) as a sym-
metric arrangement of streamers along the breech insulator between the

inner electrode and the outer electrode backplate shortly after voltage is

[ §

applied. A symmetric breakdown is essential to proper focus formation as

reported elsewhere [5]. As the current increases in the discharge
ii “sheath", Lorentz forces cause it to 1ift off the insulator surface and {
propagate radially toward the outer electrode. During this inverse pinch ‘
phase, the current sheath develops a distinctly parabolic shape due to the
radial dependence of the magnetic pressure gradient associated with the
magnetic field produced by the discharge current. Once the plasma sheath
o contacts the cylindrical surface of the outer electrode, it begins to
accelerate toward the open end of the electrodes (b) in Fig. II-1. The
discharge current continues to increase as the sheath propagates down the
gun while simultaneously pushing, or snowplowing, the relatively cold
= plasma ahead of it. The outer electrode usually has an open structure so
that much of the plasma is forced out of the gun by the snowplow action of
the current sheath. By the time the sheath reaches the open end of the
t; electrodes (c), it is moving at an almost constant velocity of about

107 cm/s [4,6-11].
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- Fig. II-1. The temporal evolution of the Mather-type DPF discharge

- illustrating (a) the initial breakdown, (b) the accelera-
. tion of the plasma sheath toward the end of the electrodes,
- (c) the arrival of the sheath at the end of the electrodes,
and (d) the ensuing plasma pinch.




The change in profile of the inner electrode boundary at the end of )

the gun causes a radial collapse of the sheath toward the axis of the DPF.

The initial capacitor bank voltage and gas fill pressure are selected so
that as the sheath collapses toward the axis, the discharge current
approaches its maximum value. Consequently, the maximum amount of mag-
netically stored energy is available for conversion to plasma energy
during the final stages of the collapse phase. The time interval between

R the intial breakdown and the end of the collapse phase is usually on the

order of a few microseconds.

The radial collapse terminates with the rapid conversion of magneti-

.

cally stored energy to plasma energy forming a dense plasma focus, or i
plasma pinch, as shown in Fig. II-1 at position (d). The focus contains
about 10% of the gas swept up by the current sheath snowplow [11,12] and
l' occurs on the axis, at the end of the inner electrode. The pinch volume is
roughly cylindrical in shape having a diameter of a few millimeters (typic-
ally 2 mm to 3 mm) and a length of about a centimeter.
" The development and subsequent decay processes of the dense plasma b
: pinch are rather complex and not well understood. Most researchers agree
that the pinch passes through several distinct phases. These phases, in R

the order that they occur, are as follows [9,12-15]. ;

(1) As the current sheath collapses, the relatively field-free snow-
plowed plasma is compressed to its maximum average density of
1018 cm3 to 1019 cm~3 [4,6-11,15-17] and reaches a plasma tem- ;
perature on the order of a kiloelectron volt [1,4,6,7,9,11,15- :

18]. This temperature is well above the typical temperature of

o
Ad

100 eV for ions and the somewhat lower temperature for electrons

in the sheath during the collapse phase [7,8]. The actual
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temperature of the plasma depends on the pressure mode in which

the device is operated. In the low-pressure mode, where it has

been observed that charged particle beam production is maximized
[19], the plasma temperature is somewhat lower than for the
high-pressure mode.

As the current sheath continues to collapse, a quasi-stable,

intermediate phase follows the maximum compression phase in’

which the plasma density decreases as the pinched column expands
against the collapsing current sheath. The collapse of the
current sheath causes a change in inductance which produces an
axial electric field proportional to IL where I is the DPF dis-
charge current and L is the time derivative of the circuit induc-
tance. This electric field is strong enough to significantly
increase the electron turbulence and, hence, the plasma resis-
tivity [7,13].

The increased electron turbulence precedes the onset of magneto-
hydrodynamic (MHD)-type m = 0, or sausage, instabilities. These
instabilities, which are believed by some to develop in a back-
ground of other plasma instabilities [7,13,15,20], cause an
anomalously rapid increase in the plasma resistivity resulting
in very strong axial accelerating fields. At low pressures,
both ions and electrons are accelerated parallel to the DPF axis
by these fields to energies as high as a megaelectron volt
(1,11,21-24]. The axial direction of the accelerating fields
causes considerable anisotropy in the particles' velocity dis-

tribution with respect to the DPF axis, as observed by several
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researchers [7,11,12,25]. Furthermore, the energies of parti-
cles ejected from the pinch have been observed to be charge
dependent rather than mass dependent (11,22,23,26,27] suggesting
behavior similar to that of a plasma filled diode. A strong
correlation between the onset of m = 0 instabilities and the
beginning of hard x-ray and neutron emission [7,11], as well as
the characteristic drop in the DPF discharge current [23], has
also been observed.

(4) Finally, the instabilities in the plasma cause expansion of the
plasma column into the surrounding low-temperature gas, cooling

the plasma and causing the plasma column to decay rapidly.

The existence of these phases, at least in part, has been experimentally
verified by several researchers and has been observed to last for a total
duration of about 100 ns [9-11].

Despite the apparent consensus regarding the different phases of the
pinch evolution, there is some disagreement as to the appropriate theorti-
cal model to use in explaining some of the observed characteristics of the
DPF pinch. Since the DPF was 6rigina11y thought to be applicable as a
fusion reactor, most of the models presented in the literature are based on
jon acceleration mechanisms which produce neutrons. Some of the more

widely known models are listed as follows.

(1) The thermal plasma model initially assumed that neutrons are
produced by thermonuclear reactions in a stationary plasma
volume; however, the model was later modified to a "moving
boiler" model in which the thermonuclear plasma moves away from

the center electrode at some velocity [4,28]. The "moving
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boiler" model attempts to explain the experimentally observed,
spatial anisotropy in the neutron energy spectrum but yields
unrealistic values for the velocity of the plasma volume as it
moves away from the electrode. Furthermore, the model fails to
predict the existence of oppositely directed ion and electron
beams.

The beam-target model assumes that ions accelerated away from
the center electrode, presumably by plasma instabilities which
occur in the dense plasma formed by the current sheath collapse,
produce neutrons ‘as they impinge on a stationary gas target
comprised of the ambient fill gas. This model, as with the
thermal plasma model, does not agree well with experimental
observations since the observed duration of neutron production
and total neutron flux imply unrealistically large values for
the duration of the plasma instabilities aﬁd the ion beam cur-
rent [29].

The converging ion model, which is similar in some respects to
both the thermal plasma model and the beam-target model, assumes
that at any given instant in time, neutrons are produced in a
small plasma volume on the DPF axis by a three-dimensional con-
vergence of isotropic ions as observed from the frame of refer-
ence of the plasma volume's center of mass. In the laboratory
frame of reference, the plasma volume moves away from the DPF
center electrode at some velocity and the ions are described by
an anisotropic velocity distribution [29]. This model seems to

predict the observed neutron anisotropy somewhat better than

.
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either the thermal plasma model or the beam-target model; how-

ever, the mechanisms responsible for producing the required ion
velocity distribution are not well described.

(4) The crossed-field acceleration model is based on detailed calcu-
lation of charged particle trajectories which are determined by
the changing electromagnetic field profile in the pinch volume
[30-32]. Strong axial electric fields are produced as the mag-
netic structure of the collapsing current sheath decays. The
electric and magnetic fields subsegently interact to produce
charged particle trajectories which are somewhat curved. In

ég addition to predicting the existence of axially directed,

charged particle beams, the model may also help to validate the
jon velocity distribution proposed by the converging ion model

. C29].

(5) The MHD model formulates the focus formation entirely in terms
of MHD equations. The subsequent solution of these equations

predicts the various phases of the pinch, and the associated

- phenomena, to a remarkable degree [13,15]. However, several
experimental phenomena (particularly, microscopic turbulence)
have not been included in the theory and require further inves-

X tigation [331].

;: Each of these models attempts, at least qualitatively, to explain one or
more of the phenomena associated with the plasma focus. It is beyond the
scope of this report to present the details of each of these models;

- however, additional information is available in the literature.

.. For a positive inner electrode polarity, the electron beam produced

iﬁ by the plasma focus has been shown to be directed toward the DPF inner
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electrode [25]. Hard x-ray emission (e.g., greater than 10 keV), local-
ized in the center of the electrode, has been shown by van Paassen et al.
(34], Harries et al. [35], and others [1,18,19,36] to be the result of
thick-target bremsstrahlung caused by an impinging electron beam with
maximum energies greater than 350 keV. Harries et al. have also shown
that electrons with energies greater than 30 keV travel almost parallel
to the DPF axis with an angular spread of less than 10°; however, lower

energy electron trajectories have been measured at much larger angles.

Gullickson and Barlett [36] have shown that the electrons in the beam have

an average energy of 150 keV. ;

3 0

Correlation between the hard x-ray and neutron emission suggests that i
the electrons are accelerated by the same processes as the ions. This idea
is supported by Stygar et al. [23], who have shown that the energy spectrum 3
li of the electron beam and oppositely directed ion beam follow the same power

law. They have also shown that the electron beam current scales as the DPF

adadeadn ool £ ocob

discharge current, and they measured a maximum beam current of 17 kA for an

&

initially stored energy of 12.5 kJ. Molen [1] has measured a maximum beam

-

. current of greater than 30 kA for electrons with energies greater than

P

150 keV for an initially stored energy of 17 kJ. Furthermore, the beam

g

current can be shown to agree well with the power law of Stygar et al.

|
Ry

Molen has also shown that the electron beam has a 2 ns to 5 ns risetime and

a 5 ns to 25 ns pulsewidth.
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Chapter III

THE EXPERIMENTAL ARRANGEMENT

The experimental investigation was conducted using a 34-kJ DPF of the
Mather geometry, a photograph of which appears in Fig. III-1. The device's

coaxial electrodes, which are surrounded by a cylindrical aluminum vacuum

.chamber and a 5-mm-thick lead radiation shield, are fed by azimuthally

symmetric, parallel-plate conductors which connect to four capacitor bank
modules providing a total capacitance of 168 uF with a maximum voltage
rating of 20 kV. The device was operated with a reduced total capacitance
of 84 uF (two capacitor bank modules) and an initial stored energy in the
range of 6 kJ to 11 kJ, corresponding to an initial capacitor bank charging
voltage of 12 kV to 16 kV, respectively. Voltages less than the maximum
20 kV were used so as to reduce the probability of dielectric failure. The
peak discharge current, as determined by the initial capacitor bank vol-
tage, was in the range of 390 kA to 550 kA for the specified voltage range
and was reached approximately 2.2 uys after the 1nitia1 breakdown. The
fill-gas pressure was chosen so that the pinch occured within 0.3 us of the
peak current. Hydrogen, in the pressure range of 0.75 torr to 3.0 torr,
was used throughout the investigation as the fill gas.

During the course of the experimental investigation, a system to
guide the electron beam ejected from the pinch and a third (auxiliary)
electrode, which is in addition to the anode and cathode of the DPF, were

added to the device. Direct measurements of the electron beam were made
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Fig. I1I-1. The DPF experimental apparatus (a) with the lead
shield and (b) without the shield.
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with a Faraday cup similar to those described elsewhere [1,37]. The DPF,

the beam guiding system, the auxiliary electrode, and the Faraday cup are

' -
.
—

described in this chapter. Other diagnostic equipment and techniques,
such as the Rogowski probe used to measure the DPF discharge current, PIN

diodes, image converter camera, and x-ray pinhole photography, are des-

. N A
A.AA[--JA!J PR

cribed in Appendix A.

The Dense Plasma Focus

The DPF used in these experiments was originally designed and con-

structed at The Aerospace Corporation in Los Angeles, California, where it

was used in studies concerning the characterization of the electron beam

i

ejected from the pinch region [1] , x-ray spectral analysis [38], pinch
characterization [1], and radiation effects on materials where the DPF was

used as a photon source [2]. Some of the experimental results concerning

ll the electron beam that were published by The Aerospace Corporation, where
X the beam was first observed, are verified during the course of this inves- }q
tigation and are used to evaluate the performance of the DPF subsequent to

!l the modifications described in this chapter.

foer s
ngL“l'-L

The Mather-type electrodes, as shown in Fig. III-2, are connected to

copper backplates which are fed by the parallel-plate conductors. A Pyrex

PRI B
VT
PG VRITY

b insulator, which extends 6.4 cm along the inner electrode (anode) from the -
outer electrode (cathode) backplate toward the open end of the electrodes, "3
electrically isclates the DPF electrodes from each other in the breech

region of the plasma gun. Nitrile o-rings are used to form a vacuum seal

. T P
iada s

between the insulator and the DPF electrode backplates. The cathode is a N

20.0-cm-long, 14.3-cm-ID copper cylinder perforated with evenly spaced,

Y
LY,
»

1.0-cm-diameter circular holes over 45% of its surface area. Two different

anodes were used both having a length of 24.4 cm, a 7.6-cm 0D, and a
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Fig. I1I-2. Schematic of the DPF with the vacuum vessel {
and drift tube assembly omitted for clarityv. :
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l.5-cm-diameter hole drilled on the axis through the electrode so as to
couple the electron beam from the pinch region into the drift tube. The
two anodes differ in the configuration of the electron beam drift tube that
was used with each. The first anode and drift tube that were used are
shown in Fig. III-3 and were developed at The Aerospace Corporation. The
drift tube, which is at the same pressure as the DPF chamber, consists of
two sections of 4.9-cm-ID copper tubing between which a 5.1-cm-ID butter-
fly vacuum valve is inserted. The vacuum valve is necessary to facilitate
maintenance of the beam diagnostic equipment which is located at the bottom
of the lower drift tube section. The overall distance from the tip of the
DPF anode to the bottom of the drift tube is 87.6 cm. The second anode,
which is similar to the first, is inherently part of the beam guiding
apparatus; consequently, further description of the anode and its comple-
mentary drift tube are deferred to a subsequent section of this chapter.
The parallel-plate conductors connect the DPF electrodes to the two
capacitor bank modules which are symmetrically arranged. Each maus te con-
sists of three Sangamo 14-uF, low-inductance, energy-discharge capacitors
which are connected in parallel for a total capacitance of 42 uF and a
maximum voltage rating of 20 kV. Each module is also equipped with a low-
pressure trigatron spark gap and header plates for connection to the
parallel-plate conductors. The inductance of the modules, parallel-plate
conductors, and the DPF electrodes is estimated to be about 33 nH. A
photograph of these elements without the vacuum vessel is shown in
Fig. I11I1-4. The capacitor bank modules are charged by a 6-kVA, dc power
supply which is remotely controlled from inside a double-clad, copper
screenroom by a modular control system. A multichannel, high-voltage

pulse generator, having a risetime of 25 ns and a 25 kV peak output per
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Photographs of the DPF apparatus illustratinag (a)
the electrodes, capacitor bank modules, parallel-
plate conductor arrangement, and (b) close-up of
the coaxial electrodes.
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channel, is used to trigger the spark gaps with a relative jitter of less
than 5 ns. A more detailed description of the control system and the pulse
generator are presented in Appendices C and D, respectively.

The DPF's electrodes are enclosed inside a three-section cylindrical

aluminum vacuum chamber which is vacuum sealed at one end by a circular

1

.

[

‘

'
i
-
-
~
“

aluminum 1id and the other end by the cathode backplate. The upper section
of the chamber is fitted with a vacuum port, the chamber 1id and middle
section contain diagnostic ports, and the bottom section functions as
a spacer. The 29.7-cm-ID, 44.8-cm-long chamber is evacuated through a
7.6-cm-1D Pyrex process pipe by a 12.7-cm-diameter diffusion pump vacuum

system to a base pressure of about 10'6 torr. Nitrile o-rings are used to

 J

form vacuum seals throughout the system.

The Guiding Field Solenoid and Pulser Circuit

ll The magnetic field used to guide the electron beam from the pinch to
the bottom of the drift tube is produced by a two-section solenoid that is
constructed with PVC-insulated, 18-AWG stranded copper wire wound on a
!! 4,5-cm-0D Pyrex tube that has a wall thickness of 2.4 mm. The axes of both
solenoidal sections are aligned with the axis of the DPF, as shown in

Fig. IIl-5, so that the solenoidal sections also function as the electron

-~ beam drift tube which is at the same pressure as the DPF discharge chamber.
The solenoidal sections are mounted in separate cylindrical copper cham-
bers which are separated by an 8.9-cm-ID butterfly vacuum valve when
assembled on the DPF. Each chamber is also equipped with vacuum-quality
electrical feedthroughs. The distance from the top of the DPF anode to the
bottom of the solenoid is 65.8 cm.

To provide a path for the electron beam return current (see Chapter V,

Theoretical Considerations, for further explanation), each of the Pyrex

.
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sections is lined with 0.25-mm-thick copper foil which is electrically

grounded at both ends of the solenoidal sections when assembled on the DPF.
The edges of the coiled copper foil are separated by a 6.0-mm gap along the
length of each solenoidal section so that diffusion of the magnetic guiding
field into the drift region is not impeded by eddy currents induced in the
copper liner.

The magnetic field strength in the vicinity of the vacuum valve is
tailored so that the minimum value on the axis between the ends of the
solenoidal sections 1is within a factor of two of the magnetic field
strength on the axis inside the solenoid. This is accomplished by adding
extra turns to the ends of the solenoidal sections closest to the vacuum
valve as detailed in Appendix B.

The design criteria for the circuit which pulses the field coil are as

follows.

(1) The duration of the current pulse to the solenoid should be long
in comparison to the 2.2 us duration of the plasma focus dis-
charge so that the magnetic field inside the beam guiding sole-
noid is essentially constant.

(2) The current pulse should be sufficiently short so as to prevent
diffusion of the magnetic guiding field through the wall of the
DPF anode. Given that the anode is made of copper and imposing
the restriction that the magnetic flux be confined to within a
depth of 1 mm of the anode's inside surface, the current pulse
must have an initial sinusoidal time-to-peak of less than 1.5 ms
[39].

(3) The magnetic field inside the solenoid should be of sufficient

strength so that the Larmor radii of the electrons ejected from
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the pinch are smaller than the inner radius of the drift tube.
Assuming that the beam source is on the DPF axis and flush with
the anode end, the angle at which propagation of the beam can
deviate from the axis is limited to a maximum of 10° by the
aperture in the end of the anode where the beam originates. If
the Larmor radius of a typical electron (E =150 keV) in such a
beam is to have a maximum value of 1 cm, then the magnetic flux

density must be at least 0.023 T (see Chapter V).

The pulser circuit for the solenoid is shown schematically in
Fig. III-6. The circuit is a critically damped RLC network with a time-to-
peak of approximately 165 us (Fig. III-7); consequently, the current pulse
is within 1% of its maximum value for about 46 us. The guiding field
solenoid is energized by discharging the 14-uF capacitor, which is ini-
tially charged to some preselected voltage, through the solenoid using an
ignitron. The total series inductance of the circuit was made much larger
than the inductance of the guiding field solenoid so as to allow consider-
able freedom in the choice of the solenoid geometry and to 1limit the
maximum transient voltage drop across the solenoid. At the time of maximum
current, only 3.3% of the initially stored energy is stored in the guiding
field solenoid, 10.2% of the energy is stored in the external inductor, and
a considerable amount of the energy (32.4%) has been dissipated in the
series resistance. The apparently poor efficiency of the energy transfer
to the guiding field solenoid was not a major consideration since the
circuit design was the simplest for the components available.

Vacuum feedthroughs, which are used as electrical connectors for the
guiding field solenoid, limit the maximum transient voltage drop across

the solenoid to about 1.2 kV. Consequently, the maximum initial capacitor
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i 50 us/div
- 50 A/div

Fig. III-7. The guiding field solenoid current
for a capacitor voltage of 5.0 kV.
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e Fig. III-8. The guiding field magnetic flux density
- (upper trace) and corresponding solenoid
current (lower trace) for a capacitor
voltage of 5.0 kV.
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voltage can be no more than 5.0 kV for the coil inductance selected, thus
limiting the maximum peak current through the solenoid to approximately
150 A. The magnetic flux density on the axis, within the interior of the
solenoid was found to be 0.072 T at the rated current (Fig. III-8) which is
within a factor of 1.3 of the design value of 0.094 T. Furthermore, eddy
currents induced in the anode material in the region of the anode aperture
prevent the guiding field from diffusing into the DPF pinch region. The
flux density was measured with the 8 probe and integrator described in

Appendix A.

The Auxiliary Electrode

The auxiliary electrode is located on the axis of the DPF as shown in
Fig. III-9. The electrode consists of a 1.3-cm-diameter brass rod to which
a brass knob with a molybdenum tip is attached. The brass rod is sup-
ported inside a nylon housing by a brass vacuum fitting attached at one
end. The electrode was constructed so that the separation between the
electrode tip and the DPF anode could be varied over a range of 5.1 cm to
25.4 cm. A 7.6-cm vacuum chamber extension, as shown in Fig. III-9, was
used td achieve electrode separations greater than 17.8 cm.

As mentioned in Chapter I, part of this investigation originated from
a study of the use of the DPF as an opening switch in an inductive energy
storage scheme. The circuit used in that investigation is shown in
Fig. III-10 and includes, in addition to the DPF, a series RLC network
having a total capacitance of 400 uF with a maximum voltage rating of 9 kV,
a total inductance of about 50 uH (including stray inductance), and a stray
resistance of about 60 mQ . The capacitor bank was constructed in a
modular form so that the capacitance could be varied in 66.7-uF increments

up to 400 uF.
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> To the Auxiliary Circuit
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The "start" ignitron connects the capacitor bank to the auxiliary
electrode causing an arc to form between the electrode and the DPF anode.
Once the current through the series inductor reaches a maximum, the
“crowbar” ignitron closes and the energy in the inductor begins to decay
slowly. This results in an almost constant current over the lifetime of
the plasma focus discharge. If this current is then interrupted by the
plasma focus, the L1 voltage generated across the inductor closes the load
gap and transfers some of the inductively stored energy to the 5-Q load
resistor [40]. Six copper sulfate solution resistors, with a nominal
resistance of 30 2 each, are connected in parallel to produce the 5-Q load.
To minimize inductance, the six resistors are symmetrically arranged
around the DPF and each resistor is fed by a separate high-voltage cable
from the load gap. The load gap is a modified 100-kV spark gap (manufac-
tured by Maxwell Laboratories, Inc.) set to statically break down at

approximately 13 kV when filled with N2 at 760 torr.

The Faraday Cup

A Faraday cup was used to make direct measurements of the electron
beam current ejected from the pinch by intercepting the beam with a suit-
able charge collector and subsequently measuring the voltage across a low-
resistance shunt to ground. The charge collector and the shunt are
arranged in a coaxial geometry to minimize the risetime. The peak voltage
developed across the shunt is proportional to the peak electron beam
current while the "tail" of the signal is proportional to the L/R decay of
the charge deposited in the collector.

The device, shown schematically in Fig. III-11 and photographed in
Fig. III-12, consists of a cylindrical graphite charge collector with a

6.4-cm 0D and a 6.4-cm length which is surrounded by a single layer,
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0.025-mm-thick stainless steel current shunt. Graphite was chosen as the
charge collector because of its high electrical conductivity, high abla-
tion resistance, and low secondary electron emissivity. The stainless
steel foil cylinder, chosen for its relatively high resistance and struc-
tural strength, is soldered to a brass disk at one end and a brass vacuum
flange at the other. The resistance of the foil resistor between the disk
and the flange is calculated to be 8.8 mG@ . The graphite charge collector
is insulated from the foil resistor and the brass vacuum flange by several
layers of 0.2-mm Mylar film and is attached to the brass disk with Ag-
filled epoxy (e = 2x10'4 Q-cm). Four symmetricaliy arranged copper
straps soldered to the outside of the current shunt at the brass disk feed
a 50-2 coaxial line. The entire Faraday cup assembly is inserted into a
thick, copper RFI shield which also serves as a vacuum vessel. A vacuum
flange and a nylon washer hold a thin sheet of Kapton insuiation on the
exposed face of the graphite charge collector so that the Faraday cup is
not shorted to ground by the background plasma which accompanies the elec-
tron beam. The Kapton sheet required periodic replacement because of
damage caused by both the electron beam and the background plasma. A
0.13-mm-thick sheet was found to have a reasonable lifetime; however, it
has the adverse effect of eliminating electrons with energies less than
150 keV which might otherwise contribute significantly to the beam cur-
rent.

The Faraday cup can be modeled as a short-circuited, lossy, coaxial

transmission line with a one-way transit time of

T = /E; % = 0.34 ns (I11-1)
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where € = 2.5 for Mylar, L is the length of the charge collector, and c is
the spe2d of light. Furthermore, the total inductance of the cup for a

uniform current distribution is calculated as

L = Yo 2 anfb) = 0.30 nH (I11-2)
27 a

where Hy 1 the permeability of free space, a is the outer diameter of the
charge collector, and b is the inner diameter of the stainless steel shunt.
The actual inductance may be somewhat higher since the current distribu-
tion depends on the electron beam diameter which may be substantially less
than the diameter of the charge collector.

A current injected into the charge collector induces an image current
on the inner surface of the stainless steel cylinder; however, a signal
does not appear at the output terminal until the current diffuses through
the stainiess steel foil. The ratio of the current on the outer surface
(Io) to the current on the inner surface (Ii) of the foil for a steady-

state signal with a radian frequency of w is given by

1o = exp[-dfuop)? (111-3)
T, 3

where d is the thickness of the foil, o 1is the conductivity of the

conductor, and u is the permeability of the conductor [37]. Hence,

Eq. (III-3) shows that the Faraday cup acts as a low pass filter. As a

(-

worst-case estimate of the Faraday cup risetime, it is assumed that the

:
"
:

relationship between the 10% to 90% risetime and the bandwidth of the cup

;f can be approximated by that of a multi-pole filter,
Noos
La
g ' T, Bw = 0.5 (I111-4)
-
-
5
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where T_ is the risetime in seconds and Bw is the bandwidth in hertz.

r
Furthermore, if it is assumed that the bandwidth is given by the fre-
quency where the expression in Eq. (III-3) is e‘1 and given that
+ = 0.11x1077 ©/m, Eqs. (III-3) and (I1I-4) predict a risetime of approx-
imately 1.4 ns.

The Faraday cup was calibrated using the circuit shown in Fig. III-13.
The output of the pulse generator is a square pulse with a 2-ns risetime,
225-V peak, and 10-ns duration. Given the non-zero risetime of the input
pulse, Fig. II1I-14 shows that the Faraday cup has a risetime of less than
3 ns corresponding to a bandwidth of greater than 160 MHz by Eq. (III-4).

The foil shunt resistance can be calculated from the signal in Fig. III-14

to be 8.0 mQ which is in good agreement with the theoretical value of

8.8 mn.
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Fig. III-13. The Faraday cup calibration circuit.
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Fig. III-14. Faraday cup calibration illustrating the
injected current (upper trace) and the cup
response (lower trace).
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Chapter IV
EXPERIMENTAL RESULTS

The primary goals of this investigation were to develop an electron
beam guiding system to aid the propagation of the electron beam ejected
from the DPF pinch and to investigate the effect of an auxiliary electrode
on the DPF pinch phenomena, particularly on the electron beam. Typical DPF
performance data, experimental results, and details of diagnostic arrange-
ments as they apply to specific experiments are described in this chapter.
The typical performance data, which are in good agreement with expecta-
tions, are used as a basis for evaluating the performance of the beam
guiding system and to assess the effect of the auxiliary electrode on the

DPF characteristics.

Typical DPF Performance Data

The performance of the DPF can be evaluated using any number of
criteria, such as peak discharge current, time derivative of the discharge
current, x-ray emission, neutron production, etc. For this investigation,

the performance of the DPF was characterized by the following:

(1) the DPF discharge current as measured by a calibrated Rogowski
probe;
(2) the motion of the axially collapsing current sheath recorded

with an image converter camera in both the streak mode and the

framing mode;
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(3) the spatially resolved emission of soft x rays from the pinch
region recorded on x-ray pinhole photographs;

(4) the temporally resolved emission of x rays from thick-target
bremsstrahlung produced ir an aluminum target placed in the path
of the electron beam as detected by PIN diodes with different
levels of filtration; and

(5) the electron beam current as measured by a Faraday cup.

A description of each of these diagnostic elements and techniques is pre-
sented in Appendix A with the exception of the Faraday cup which is des-
cribed in Chapter III. The data presented in this section are typical of
the initial anode and drift tube configuration as well as the beam guiding
apparatus when the guiding field solenoid is not energized. As such, these
data provide a basis for the evaluation of the DPF performance in the beam
guiding experiments and the auxiliary electrode experiments.

A representative Rogowski probe signal of the DPF discharge current
is shown in Fig. IV-1. For an initial capacitor bank voltage (Vo) of 16 kV
(Eo = 11 kJ) and fill-gas pressure (Po) of 1.25 torr, Fig. IV-1 shows that
the maximum current of 550 kA is reached about 2.2 us after initial break-
down and is followed 150 ns to 200 ns later by the characteristic rapid
decrease in current, indicative of the pinch. An optical data link was
used with the Rogowski probe for high-voltage isolation; however, x-ray
fluorescence of the data link's optical fiber resulted in a sharp, positive
spike just prior to the beginning of the decrease in current as evident in
the figure. The inherent time-delay in the transmitter of the data link
causes the spike to appear as if it occurs before the pinch. In fact, the
transmitter introduces a delay of approximately 100 ns which implies that

the spike occurs at about the time of the decrease in current.
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The time-to-peak of the DPF discharge current is essentially unaf-
fected by the initial capacitor bank voltage and fill-gas pressure; how-
ever, the occurrence of the pinch relative to the peak current is a func-
tion of both parameters. These parameters were selected so that the pinch
occurred within 300 ns of the peak current. An initial capacitor bank
voltage of 16 kV and a fill-gas pressure of 1.25 torr were experimentally
found to yield the most reproducible electron beam data.

Referring to Fig. IV-1l, there appears a very sharp drop in the current
at the pinch, after which the current returns to about 75% of its maximum
value. A significant electron beam was usually measured when this behavior
was observed. The presence of this current "spike" was predicted by a
lumped-parameter computer simulation of the DPF done by Knapp [3]. In that
study, the temporal characteristics of the spike were found to depend on
the time evolution of the anomalous resistivity in the pinched column.
This resistive phase has been shown by others to result in strong axial
accelerating fields (see Chapter II).

Typical image converter photographs of the collapsing current sheath
and resulting pinch are presented in Fig. IV-2. The streak photograph
(Fig. 1Iv-2(a)) was taken through a 0.13-mm-wide slit oriented parallel to
the anode surface with the camera focused on the DPF axis, 6.4 mm from the
end of the anode. The collapse velocity of the current sheath for an
initial capacitor bank voitage of 14 kV and fill-gas pressure of 2.0 torr
is calculated from the streak photograph to be 2.0 x 10’ cm/s which is in
good agreement with values reported elsewhere (see Chapter II). Increas-
ing the capacitor bank voltage or decreasing the pressure increases the
sheath velocity somewhat; however, the velocity remains on the order of

107 cm/s. The framing photograph (Fig. IV-2(b)), for an initial capacitor

...... e e

P S U T S S T VP T S O

Lt et et T e

T AW U




e e At et A DN RS M A L S S A A - A v Srtedii S e St Tt i 1-1-Avrr_v_-_-_1kw_‘~:'.——rv-r-r1

39

Vo = 14 kv
100 ns:[' P, = 1.25 torr
t = -160 ns Vo = 1T KV
PO = 1.25 torr
t = -60 ns
t = +40 ns

Fig. IV-2. Typical image converter camera photographs
showing (a) a 500 ns streak photograph, and
(b) a framing photograph with a 20 ns shutter
speed and 100 ns frame separation where t = 0
corresponds to the initial DPF x-ray pulse.
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bank voltage of 11 kV and fill-gas pressure of 2.1 torr, illustrates

the structure of the sheath as it collapses toward the axis. A short,
4.8-mm-diameter molybdenum rod was placed on the anode to mark the axis of
the DPF.

Soft x-ray pinhole photography, as shown in Fig. IV-3, records the
spatial distribution of soft x-ray sources in the pinch region. The x-ray
flux is time-integrated by the photographic film; consequently, the pin-
hole photograph does not contain information about the temporal develop-
ment of the x-ray sources. The inherent nonreproducibility of the DPF
discharge yields a unique pinhole photograph for each discharge; however,

each of the photographs has several features in common.

(1) The most intense emission occurs in a cylindrical volume on the
axis of the DPF.

(2) The cylindrical column often exhibits local constrictions indi-
cative of MHD-type m = 0 instabilities (Fig. IV-3(b)).

(3) The outline of the DPF anode is usually visible as a result of
bremsstrahlung from electrons accelerated in the sheath as it

collapses toward the axis.

The initial capacitor bank voltage and fill-gas pressure have little ef-
fect on the pinhole photographs; however, the introduction of a
small amount of high-Z gas, such as N2, enhances soft x-ray emission
(Fig. IV-3(c)) due to bremsstrahlung from electrons colliding with
nitrogen molecules and K-line emission from the nitrogen. The capacitor

bank voltage, the fill-gas pressure, and the magnification are indicated in

Fig. IV-3 for each of the three photographs.
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Fig. IV-3. Typical soft x-ray pinhole photographs.
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Time-resolved measurements of thick-target bremsstrahlung caused by
the DPF electron beam were made using the experimental arrangement shown in
Fig. IV-4(a) in which the beam was intercepted by a 3.2-mm-thick aluminum
target located at the end of the drift tube. Typical PIN diode signals for
this arrangement are shown in Fig. IV-4(b). The signals were shifted by
approximately 10 ns relative to each other for signal clarity. The upper
and lower traces are the outputs of PIN diodes with intrinsic regions of
20 ym and 125 um, respectively. The 20-um diode is filtered only by the
3.2-mm aluminum target while the 125-um diode has an additional 1.0 mm of
Pb filtration, thus giving e'1 transmissions of 40 keV and 300 keV,

respectively. In these experiments, only the relative response of the

n .

detectors are compared, and no attempt is made to calculate the x-ray fiux

since knowledge of the electron beam energy spectrum is required.
i‘ " Fig. IV-5 shows a typical electron beam current signal having a peak
current of about 18.8 kA and a risetime of 4 ns to 5 ns as measured by the
Faraday cup. The risetime of the signal may be instrument limited by the
approximate 160 MHz bandwidth of the Faraday cup. Although Fig. IV-5
represents a typical beam, electron beams with peak currents greater than
10 kA, some having peak currents as large as 35 kA, occurred only for about
one out of ten discharges because of the nonreproducibility of the plasma

focus discharge.

Electron Beam Guiding Field Results

Development of an electron beam guiding system was motivated by
physical evidence which suggests that the beam does not always propagate

parallel to the axis of the DPF. To demonstrate this, a 6.0-mm-thick

o

aluminum witness plate was positioned at the base of a hollow DPF anode as

shown in Fig. IV-6(a). The anode used in this experiment was developed for
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:
. < Electron beam
S ' drift tube
]
b ;——J .
L T €<—3.2-nm-thick
- Aluminum target
-
é . 17.9 ¢cm
R
. [17]
- Pin Pin
b A B
b
by “a (a)
L -
] | 20 ns/div
B 0.5 V/div
‘ !.-
]
: 5.0 v/div
1
(b)

Fig. IV-4. The bremsstrahlung x-ray dose rate produced by the
electron beam was measured using the arrangement

; shown in (a) where PIN A and PIN B are PIN diodes

- which have intrinsic layer thicknesses of 20 um and

125 um, and e~l transmissions of 40 keV and 300 keV,

respectively. Typical results are shown in (b) for

DPF operation with V, =16 kVand Py = 1.25 torr.
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6.25 kA/div 20 ns/div

Fig. IV-5. Typical DPF electron beam current as
measured by the Faraday Cup for DPF

operation with Vo = 16 kV and
Py = 1.25 torr.
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Fig. IV-6. The experimental arrangement shown in (a) was used
to illustrate the divergence of the DPF electron
. beam from the DPF axis. The resulting damage is
' shown in (b).
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use with the beam guiding apparatus; however, the upper section of the

I' guiding field solenoid was not included so that the angle at which a beam

- ejected throygh the anode aperture could propagate relative to the anode
axis was limited by the diameter and length of the anode body rather than

the smaller diameter and increased length of the guiding field solenoid

!? (see Fig. III-5). Hence, assuming that the electron beam is produced on
the DPF axis and flush with the anode surface, the maximum angle at which a
beam can propagate relative to the axis without striking the inside surface

: of the anode body is about 8.7°.

_: With this experimental arrangement, the DPF was discharged 90 times

ES at initial capacitor bank voltages and fill-gas pressures in the ranges of
11 kV to 15.5 kV and 2.0 torr to 3.0 torr, respectively. The resulting
damage to the aluminum witness plate is shown in Fig. IV-6(b) in which the

. surface of the witness plate was lightly sanded in order to highlight

g localized damage sites. The position of most of the localized damage sites

13 relative to the center of the witness plate strongly suggests electron beam

n propagation at significant angles relative to the DPF axis.

: Initial tests on the guiding field solenoid showed that a negligible

Ef magnetic field was produced at rated coil current in the region of the DPF

_; pinch. The measurement was performed without a plasma focus discharge

?' using the é probe and integrator described in Appendix A which has a

B maximum resolution of about 10'3 T. When the plasma focus was discharged,

= other diagnostic results, which include Rogowski probe signals, image con-
verter camera streak and framing photographs, and soft x-ray pinhole

. photographs, were apparently unaffected by energizing the guiding field

i; solenoid. The performance of the beam guiding apparatus was subsequently

evaluated using two independent experiments. The first experiment used
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the Faraday cup to measure the electron beam current while the second
experiment used two PIN diode x-ray detectors in the arrangement shown in
Fig. IV-4(a).

The risetime and the basic shape of the Faraday cup signal were
unaffected by the guiding field; however, the magnitude of the peak current
was usually larger when the guiding field solenoid was energized. Thus,
the performance of the beam guiding apparatus was evaluated by recording
the peak current of the electron beam for many DPF discharges with, and
without, the use of the guiding field and comparing the peak current
distributions. The DPF was operated at a capacitor bank voltage of 16 kV
and fill-gas pressure of 1.25 torr while the peak magnetic flux density
produced by the guiding field solenoid was 4.8 x 10'2 T, corresponding to
a coil current of 100 A. The DPF discharge was delayed 165 us relative to
the guiding field discharge so that the magnetic field inside the guiding
field solenoid would be near maximum at the pinch. The fill gas was
renewed every 10 to 12 shots, and the guiding field was energized on
alternate fills of gas.

The results of this experiment are presented in Fig. IV-7. The height
of each histogram bar is proportional to the number of DPF discharges
producing a peak electron beam current within the indicated interval and is
expressed as a percentage of the total number of shots on the ordinate.
The figure shows that the use of the guiding field reduces the probability
that the DPF discharge will produce an electron beam with a peak current
less than 15 kA while increasing the probability that the peak electron
beam current will be greater than this value. In fact, a peak electron

beam current greater than 10 kA occurs for two out of ten DPF discharges
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when the guiding field is used as opposed to one out of ten discharges when
the guiding field is not used.

In the second experiment, the Faraday cup was replaced with the
3.2-mm-thick aluminum target and PIN diode arrangement shown in
Fig. IV-4(a). The DPF was operated under the same conditions as in the
Faraday cup experiment. As in the previous experiment, the guiding field
had no apparent effect on the shape of the x-ray pulse, but the peak value
of the signal was more likely to be larger when the guiding field was
energized. The detector signals were recorded for a number of discharges,
and the results of the experiment, shown in Fig. IV-8, seem to support the
results obtained with the Faraday cup. The effect of the guiding field is
not quite as evident in these data as in the Faraday cup data; neverthe-
less, there does seem to be an increase in the x-ray dose rate for both
detectors when tﬁe guiding field solenoid is energized. These results
imply that more electrons are impinging on the aluminum target and are

consistent with an increase in peak beam current.

The Effect of the Auxiliary Electrode

As mentioned in Chapter I, one of the initial goals of this study was
to investigate the apparent enhancement of the DPF electron beam by an
auxiliary discharge as inferred from a relative increase in high-energy
x rays (greater than 300 keV). In that study, the DPF discharge was
observed to induce a current in the inductive energy storage circuit
regardless of the magnitude of the auxiliary current. However, without the
auxiliary discharge the introduction of the electrode seemed to have no
apparent effect on the characteristics of the DPF since diagnostic results

were comparable for operation of the DPF with or without the auxiliary

electrode in the DPF chamber. These results, which were verified during
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the course of this investigation, included measurement of the DPF dis-
charge current using a Rogowski probe, image converter streak and framing
photographs of the collapsing current sheath, and soft x-ray pinhole
photographs of the pinch.

Initial attempts to measure the electron beam current using the

- Faraday cup suggested that the presence of the auxiliary electrode, with-
. out an auxiliary current, has an adverse effect on the DPF electron beam
- production. On the average, this effect seemed to be inversely related to
- o the separation between the DPF anode and the auxiliary electrode. Conse-
) B quently, the emphasis of this investigation shifted to a study of this

effect.

T
£

; _ Using the experimental arrangement of Fig. III-10 with the load and

- load gap removed, the electron beam current was measured with eight dif-
ferent electrode separations over the range of 5.0 cm to 25.4 cm as well as
with the electrode removed from the discharge chamber. Initial experi-
ments were conducted with the auxiliary electrode connected to the induc-
tive energy storage circuit. The DPF was operated at 16 kV and 1.25 torr
with the fill gas renewed every 10 to 12 shots, and data was collected
until at least 24 discharges were recorded for each auxiliary electrode
position. Furthermore, the electron beam guiding apparatus with a maximum
magnetic flux density of 478 X 10'2 T was used on each shot. In addition
to the Faraday cup, a PIN diode mounted to the side of the DPF and isolated
from the discharge chamber by a 1.6-mm-thick aluminum plate and 3.2 mm of
lead shielding was used to measure the relative x-ray dose rate from the
pinch region for energies greater than 300 keV.

Due to the nonreproducibility of the DPF discharge, the effect of the

auxiliary electrode was evaluated by calculating an unweighted average of
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the peak beam current for each of the eight auxiliary electrode positions,

the results of which are presented in Fig. IV-9. Each point on the graph

is normalized with respect to the 4.7 kA average value of the peak beam
current calculated for the data collected when the auxiliary electrode was
removed from the DPF chamber. The confidence intervals indicated for each

point were calculated using the formula
P(X - co/N < X <X + co/N) = 0.90 (1v-1)

where X is the mean of a random variable described by a normal distribu-
tion, ¢ is the standard deviation, N is the number of samples in the set,
¢ is a constant equal to 1.645, and 0.90 is the probability that the mean
of an ensemble of sample points will fall in the indicated range [41]. The
probability distribution which describes the data collected in these
experiments is apparently exponential rather than normal, as is evident in
the results presented in Fig. IV-7. However, the Central Limit Theorem
[41] allows Eq. (IV-1) to be applied to any distribution provided that the
size of the sample set is sufficiently large (e.g., greater than 20 sam-
ples).

The results of the x-ray dose-rate data were treated in the same way
as the peak beam current data and show that, within experimental error, the
x-ray dose rate remains relatively constant over the entire range of elec-
trode separations.

From an experimental standpoint, three possible interactions were

considered in attempting to explain this effect.

(1) The auxiliary electrode may physically obstruct the motion of
the converging current sheath prior to the formation of the

pinch.
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(2) A portion of the DPF discharge current, and thus some of the
stored energy, may be diverted from the DPF circuit by the induc-
tive energy storage circuit.

(3) The electric potential of the auxiliary electrode may interfere

with the production or trajectory of the DPF electron beam.

The first of these interactions can be eliminated in view of the rather
large interaction distances involved and a consideration of image con-
verter camera framing photographs (Fig. IV-2(b)) which show that the top of
the current sheath is no more than about 2.5 cm above the top of the DPF
anode at the time of the pinch. The second and third poséib]e interactions
required additional experimental investigation which is described subse-
quently.

Two current transformers (CT-A and CT-B in Fig. III-10) were used to
measure the DPF discharge current diverted into the inductive energy
storage circuit. For DPF operation at 16 kV and 1.25 torr, current was
observed at several auxiliary electrode positions using CT-A while com-
paratively less current was measured using CT-B. This suggests that the
42?uH energy storage inductor electrically isolates the DPF from the
remainder of the inductive energy storage circuit and that the current
measured by CT-A is shunted to ground by the capacitance of the high-
voltage, coaxial feeder cable. A typical current measured by CT-A is shown
in Fig. IV-10. The bottom trace of Fig. IV-10 is a time expansion of the
interval indicated on the top trace. The electrode separation for this shot
was 14.6 cm; however, the current was found to be independent of the
distance between the electrodes. The strongest interaction, which has a

peak current of about 600 A with a subsequent oscillatory current having a

period of about 400 ns, correlates well with the x-ray pulse emitted by the
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pinch. The peak current measured by CT-A varied from shot-to-shot over the
range of 480 A to 680 A.

) If the high-voltage feeder cable is modeled as a capacitor which is
" initially uncharged, the auxiliary electrode is initially at the same

potential as the DPF anode. Thus, in an attempt to determine the effect of

!! the auxiliary electrode's electric potential on the DPF electron beam, the
auxiliary electrode was disconnected from the high-voltage feeder cable
and reconnected to the DPF discharge chamber which is at the same potential

o as the DPF cathode. This experiment was conducted in the same manner as

= the experiment which produced the results presented in Fig. IV-9. The

ég results of this experiment are presented in Fig. IV-11 and show that the

. normalized average of the peak beam current approaches unity for a much

- smaller electrode separation. Furthermore, the x-ray dose-rate data were

li similar to the results recorded when the auxiliary electrode was at the
anode potential. Also, the current transformer CT-A, which was located so
as to measure currents coupled through the auxiliary electrode to the DPF

" vacuum chamber, also showed no apparent interaction above background

. noise.

) Considering the results of these experiments, it has been shown that,

3 on the average, the peak beam current is a function of the distance between

:? the auxiliary electrode and the DPF anode. It also seems plausible that
current is diverted from the DPF circuit into the inductive energy storage

“ circuit with the auxiliary electrode installed. These results have also
been shown to be a function of whether the electrode is effectively con-
nected to the DPF anode or cathode. A physical interpretation of these

53 processes are considered in Chapter V (Theoretical Considerations) and an

appropriate model is proposed.
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Electrode Separation (cm)

Faraday Cup results illustrating the effect of the
auxiliary electrode when at the potential of the

DPF cathode.

The normalized confidence interval

on the average peak beam current measured when the
auxiliary electrode was not in the DPF chamber is
+0.24.
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Chapter V
THEORETICAL CONSIDERATIONS

Theoretical considerations pertaining to concepts which motivated
certain aspects of the investigation and an analysis of the experimental
results are presented in this chapter. Topics considered include a brief
outline of electron beam propagation theory, a theoretical basis for the
use of a magnetic beam guiding field, and a detailed analysis of the
experimental results collected with the auxiliary electrode in the DPF

vacuum chamber. The MKS system of units are used throughout the chapter.

Electron Beam Propagation

An electron beam can be loosely regarded as a collection of energetic
electrons with similarly directed velocity vectors. As such, the electron
beam constitutes an electric current and must satisfy Maxwell's equations.

In particuTar, Ampere's Law requires that

-

vxH=9+3D

at

(V-1)

where H is the magnetic field intensity, J is the current density, and B is

the electric flux density. If a generalized current density is definedas

-> ->
Je = J +

I : (v-2)
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the divergence of Eq. (V-1) yields

vedy = 0 (v-3)

where the vector identity,

79 x V) =0 (V-4)

has been used for an arbitrary vector V. Equation (V-3) requires that the
current in any electromagnetic system must be solenoidal (i.e., the cur-
rent paths in the system must close on themselves). Therefore, the current
carried in a propagating electron beam must be accompanied by a return
current which may be manifested as charge transport in a plasma through
which the beam may propagate, a current induced in a néarby conducting
structure, or a displacement current.

In addition to the necessity for a return current, an electron beam
experiences radially outward forces caused by the Coulomb repulsion be-
tween electrons in the beam and radially inward forces caused by the
azimuthal magnetic field generated by the beam current. Although these
forces tend to cancel each other somewhat, one of the forces usually
dominates the other in many practical situations if sufficient charge or
current neutralization is not present .

To illustrate charge neutralization, the propagation of a cylindrical

electron beam with density n_ is considered as it moves through a back-

e
ground of stationary ions with density ny. The radial component of the

Lorentz force on a single electron in the beam is

F,o = -e(E, - vB,) (V-5)

e '  m'a m'a e b
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where Er is the radial electric field, Be is the azimuthal magnetic flux

density, e is the electronic charge, v is the velocity of the electron

perpendicular to the azimuthal magnetic field, and the radially outward
direction is positive by convention. The electric field and magnetic flux
density can be derived from Gauss' Law and Ampere's Law, respectively; the

results of which are

E. = e fne (1-f) rdr (V-6)
E T
0
- "u_ ey
By = "o /BE rdr (v-7)
r
where € is the permittivity of free space, Mo is the permeability of free

space, and fe = "e/"i is the fractional electron space charge neutraliza-
tion. Substituting Eqs. (V-6) and (V-7) into Eq. (V-5) gives the radial

force as

r
E:0

Fo= €2 fle (1-8%-f,) rdr (v-8)

where B is the ratio of the electron velocity to the speed of 1light.

Equation (V-8) shows that if
fe <1-g? (v-9)

(i.e., minimal charge neutralization is present), the beam will radially
expand. Furthermore, it can be shown that if the electrostatic potential
due to the beam space charge, which is a function of fe’ is greater than
the kinetic energy of the beam, a deep potential well, or virtual cathode,
can form which partially reflects the injected beam current so that total

transmission of the beam is not possible [42].
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Current neutralization can be illustrated by considering the beam of
the previous example propagating through a region in which the beam is

completely charge neutralized (f_ = 1). In early work, Alfvén [43] con-

e
sidered a charged particle beam similar to the beam previously described
and derived an upper limit for the current which can be carried by the

beam. This limit may be expressed as

IA = 17,000 By (v-10)

where IA is in amperes and Y = (1 - 33'%. Exceeding this limit produces
an azimuthal magnetic field of sufficient magnitude so as to reverse the
direction of the electron's net motion at the outer edge of the beam. If
the beam current is partially neutralized by counterstreaming electrons in
the beam channel, such as may occur in a highly conductive plasma, the
azimuthal magnetic field will also be neutralized and the 1imiting current

can be qualitatively expressed as

A = A (V-ll)

where fm is the fractional current neutralization [44]. According to Eq.
(v-11), arbitrarily large beam currents are possible with sufficient cur-
rent neutralization; however, beam propagation is then limited by insta-
bilities which develop from the interaction of the beam electrons and the
counterstreaming electrons (a2].

In many practical situations, a propagating electron beam is only
partially neutralized with respect to charge and current. However, it can
be shown that stable propagation can occur if the radial forces are exactly

balanced [42]. This equilibrium condition is given by
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" fo = v+ g2f_ (v-12)
E where it is assumed that the electron beam has no angular momentum. If f,
: exceeds the equilibrium value, the radially inward magnetic forces will
g: exceed the Coulomb repulsion forces and the beam will constrict, or pinch.
-2 For the opposite case, Coulomb repulsion will dominate and the beam will
: radially expand.
; The conditions described above illustrate the concepts of charge and
‘: current neutralization in an electron beam; however, the situations de-
i% scribed are somewhat idealized and are not applicable in many cases. More
“q complete treatments of these propagation phenomena, which are beyond the
2 scope of this report, are available in the literature [42,44-46].
i' The propagation of an electron beam injected into a neutral gas, which
) is assumed to be the primary mode of propagation in the DPF drift tube, is
very difficult to describe quanitatively because of a dependence on the
n jonization properties of the gas. For efficient transport of the beam,
) there must be sufficient ionization of the background gas so as to provide
;; significant charge and current neutralization, particularly if the beam
;P - current exceeds the Alfvén limit. The ionization rate of the neutral gas
I{ and the neutralization properties of the subsequently ionized gas are
T sensitive functions of the gas pressure [42,45,46]. At low pressure (typi-
= cally less than 0.5 torr), the gas density is so low that not enough ions
can be produced to provide charge neutralization; alternatively, at high
_ pressure (typically greater than 10.0 torr), the gas density is so high
A that, even though charge neutralization is achieved, the collision rate
3 between the plasma particles is high enough to keep the plasma temperature
oy
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relatively low so that the plasma conductivity is generally too low to
provide adequate current neutraliztion. However, an intermediate pressure
range (typically between 1.0 torr and 10.0 torr) exists in which sufficient
charge and current neutralization can occur for efficient beam propaga-
tion. The optimum pressure for beam transmission varies somewhat with the
gas species but usually falls within this range.

The DPF drift tube was typically operated in the intermediate pres-
sure range (usually about 1.25 torr); however, it is not known if the drift
tube was operated at the optimum pressure since the formation of the plasma
focus pinch (and hence, the production of the electron beam) is also a
sensitive function of pressure. Nevertheless, it is assumed that the drift
tube was operated close to the optimum pressure since the maximum peak beam
currents observed were often well in excess of the Alfvén limit. For
example, given that the mean energy of the beam electrons is about 150 keV,
the Alfvén limiting current can be calculated from Eq. (V-10) to be approx-
imately 14 kA. The maximum peak current observed was about 2.5 times
greater than the Alfvén limit, thus suggesting that significant charge and
current neutralization was taking place. In addition to ionization by the
electron beam, it also seems reasonable to assume that some preionization
of the drift tube gas may have been produced by the intense ultraviolet and
x-ray emission from the DPF pinch prior to injection of the electron beam

into the drift space.

The Guiding Field Concept

The use of an axial magnetic field to guide the DPF electron beam was
motivated by the experimental results shown in Fig. IV-6(b). To illustrate

how a magnetic field can be useful in this respect, the motion of a single
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electron propagating in a static magnetic field is considered. The Lorentz

force law in this case is

%Eij) = -e(V x B) (V-13)

where V is the velocity of the electron, B is the magnetic flux density of
the static magnetic field, m = ym, is the effective mass of the electron,
and m, is the electron's rest mass. If it is assumed that the magnetic
field is in the z direction and the magnitude of the velocity components
perpendicular to the magnetic field are much less than the parallel veloc-

ity component, the perpendicular components of Eq. (V-13) can be written

as :
e fw A\’
Vy + (;g> Vg = 0
, (v-14)
V. +{%\ v. =0
(Y) Y
where the cyclotron frequency, Wes is defined as
-
wc s elBI’ (V"15)
Mo

and the dot indicates differentiation with respect to time. Analysis of
the electron orbit descibed by Eq. (V-13) for the particular case being
considered shows that the electron follows a helical path with a character-

istic radius, called the Larmor radius, which is defined by

r, = Yv.L = va_ (V‘16)
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S where v, is the magnitude of the velocity perpendicular to the axis.

. Equation (V-16) shows that an electron can be forced to travel essentially

- parallel to the magnetic field lines provided that the magnetic flux

~; density is sufficiently large.

- In addition to guiding the beam electrons along the magnetic field

-

N lines, the magnetic guiding field exerts a radial restoring force which
counteracts radial expansion due to Coulomb repulsion and radial constric-
tion due to the azimuthal magnetic field. To illustrate this effect, the

x motion of a single electron at the edge of a cylindrically symmetric

’ electron beam is considered where the beam is oriented along the z axis and

EE has radius r. If it is assumed that the velocity components perpendicular
to the external magnetic field, which is oriented parallel to the z axis,
are much smaller than the parallel component, it can be shown that the

il radial component of the electron's motion is described by

- N .

2 ¥+ (Tc) r=-e (E_-v, B+ (_9_) L (V-17)

':‘J Y Ymo Ymo r3

!! where the position of the electron is r, Py is the canonical angular

. momentum, and v, is the electron velocity parallel to the z axis Ca2].

i Furthermore, if the density of the beam is assumed constant over the

B radius, then the radial electric field and azimuthal magnetic flux density
can be derived from Eqs. (V-6) and (V-7) to be

- £, =M (1= f) oy (v-18)

r
2¢
]
By = “Ho e €Y, (1- fm) r (v-19)

' 2

8}

B where terms have been included to account for partial neutralization.
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An expression for the equilibrium radius (¥ = 0), ro» can be found by

substituting Egs. (V-18) and (V-19) into Eq. (V-17) to give

- 2P -L
Y‘; = E_G_ [wé - Zyw; [(1- fe) - g2(1 - fm)]] 2 (v-20)
0

where wp2 = neeZ/(moeo) is the plasma frequency of the beam electrons.

Thus, equilibrium can only occur if
2 2 2
we 2 2vey [(1 - F) - 82(1 - F) ] (v-21)

Equation (V-21) relates the external magnetic field to the degree of charge
and current neutralization of the beam. The fractional neutralization
factors, fe and fm, are restricted to values which keep the right-hand side
of the inequality positive; but, even for the simple conditions described,
the inequality shows that an axial magnetic field can be used to stabilize
the radial forces in a propagating electron beam. Furthermore, the
inequality shows that the magnitude of magnetic flux density required for
equilibrium decreases as the amount of fractional neutralization in-

creases, as is expected.

Analysis of the Auxiliary Electrode Results

The DPF pinch is a complex, and not very well understood, physical
phenomenon which is acutely sensitive to operating conditions. As shown by
the experimental results, the mere presence of a third electrode in the DPF

chamber is enough, on the average, to alter the beam producing character-

]
4

istics of the device. Unfortunately, much more sophisticated diagnostic

equipment and techniques than were available for this investigation are 1

needed to conclusively determine the role of the auxiliary electrode in the ?
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observed effect on the pinch; however, several observations can be made on
the diagnostic results reported in Chapter IV.

It was found that both hard x-ray (greater than 300 keV) emission from
the pinch and the DPF current waveform were unaffected by the auxiliary
electrode regardless of the electrode's initial potential or position.
This seems to suggest that the particle accelerating mechanisms of the
pinch are not affected by the presence of the third electrode; however,
since the transmitted beam is reduced, the electron beam is apparently
being deflected away from the DPF axis to such a degree that the beam
guiding apparatus is no longer effective. If the beam was redirected to
the extent that it impinged on the top surface of the DPF anode, the
average x-ray dose rate would be expected to be larger than the average
dose rate measured when the auxiliary electrode was removed from the DPF
chamber. However, if the beam was redirected only to the extent that it
impinged on the inside of the anode aperture, out of the field of view of
the x-ray detector, the observed results seem reasonable.

At first glance, the initial potential of thé auxiliary electrode
appears to have some bearing on the average electron beam production of the
DPF as can be inferred from a comparison of Figs. IV-9 and IV-11. In fact,
early attempts to map the electric fields for an arbitrary potential be-
tween the DPF electrodes in vacuum showed a surprising correlation between
the perturbation of the field profiles caused by the potential of the
auxiliary electrode and the results presented in Figs. IV-9 and IV-11.
That is to say, the electric field profiles in vacuum appeared much more

perturbed when the auxiliary electrode was initially at the anode poten-

tial (i.e., connected to the coaxial feeder cable). However, just prior to
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EE the formation of the electron beam, the potential between the DPF elec-
trodes is near minimum (approximately zero) since the discharge current is
near maximum. Since the electric fields depend on the potential gradient,
the development of fields sufficient in magnitude and spatial extent to
deflect the electron beam is also at a minimum. Furthermore, the dense
plasma would have a tendency to shield itself from any external electric
fields. Therefore, it seems unlikely that the electric field perturba-
tions produced by the potential of the auxiliary electrode with respect to
the DPF electrodes is sufficient to significantly influence the trajectory
of the electron beam.

The final group of experimental results to be considered is the data

.-

pertaining to the DPF current diverted by the auxiliary electrode. The

waveform presented in Fig. IV-10 shows that the magnitude of the current
Ii diverted through the auxiliary electrode when connected to the coaxial

feeder cable is several orders of magnitude smaller than the DPF current in
s the pinch. Consequently, the current measured with the current trans-
n former in the external circuit is most likely not responsible for the
~ observed effect on the electron beam; however, the observed current may be
symptomatic of the actual cause.

A model based on these experimental results is proposed as an explana-
tion for the observed effect on the electron beam. A magnetic field
component transverse to the DPF anode and in the vicinity of the anode
aperture would cause the aforementioned deflection of the electron beam.
This magnetic field component could be produced by an azimuthally asym-

metric, closed current path which includes the DPF electrodes, vacuum

rle

o chamber, and auxiliary electrode as shown in Fig. V-1 by the dotted line.

The secondary current is initially supplied by the DPF capacitor bank but
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may also have a magnetically induced component as the DPF current reaches a
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ll maximum. The inductive component is present because the secondary current
loop contains all of the magnetic flux produced by the main DPF current.

i} Also, the inductive component is in such a direction so as to satisfy

- Lenz's law [47] and as such, opposes the current which is supplied by the

- DPF capacitor bank. The net result is a current which is sufficiently i
strong to magnetically deflect the electron beam but not adversely affect %
the development of the pinch. This secondary current, which is much less j
in magnitude than the DPF current, apparently does not produce enough ;

‘ luminosity to be detectable on image converter photographs.

S The DPF current diverted through the auxiliary electrode (Fig. IV- g
10), which also resembles the impulse response of an underdamped, series :i
RLC network, can easily be explained in terms of the proposed model. To do -

li so, the circuit in Fig. V-1 is modeled as the lumped-parameter circuit

- shown in Fig. V-2(a). The DPF discharge circuit is modeled as an ideal

?, current source and a small inductance, LDPF' The portion of the secondary

[ | current path external to the DPF discharge circuit is modeled as the sum of
two inductances, L1 and Lz; and, for the sake of simplicity, the inductive
coupling between the secondary current and the DPF current 'is temporarily

- ignored. The coaxial feeder cable's connection to the auxiliary electrode

5 and the DPF anode is modeled as an equivalent inductance, L, which is

G: assumed to be much larger than any other inductance in the circuit. Last-

= 1y, the feeder cable is modeled by an equivalent capacitance, C.

To a first approximation, the DPF current and its derivative around

- the time of the pinch can be modeled by the piecewise-continuous, linear

- waveforms shown in Fig. V-2(b) and (c), respectively. Assuming that LopF

- 1

. .




e aboech gt A CAd A AR EAL AL EA DN MO S SN AN
& 7 )
. @
E
"
o I L ;
DPF DPF 5
= 1
Ik T T"’ 4
AI] Xyl T ..:
> _L Alp :
: w —L onl
.
._‘Q
N At] el
) |<- Ato
| () 1
n:.: :l
'_.‘- AIZ = 1
Aty 4
n ‘ :
w t g
s ._‘?5 ° To T T2 )
o © ,t,]
= A4 :
- At, B g
:
Fig. V-2. The interaction which produces the current measured 3

by CT-A is modeled by the circuit shown in (a).
The DPF current at the time of the pinch is modeled
by (b) a piecewise-linear impulse-type function
which has (c) a piecewise-continuous derivative.

-
v
| VAR

Bt Brice, Mviiom o M m i m  mmla ala'am’a o a a = e et i 4 e am



(s

72

is much smaller than the sum of L1 and L,, the voltage V(t) across the

inductor L2 can be written as

V(t) = k [-v1 u(t - T)) + (v1+v2) u(t - T;) -V, u(t - T,)] (v-22)

7

where

[}

Vl LDPFlAII/Atl|’

(v-23)

R

VZ LDPFIAIZ/Atzl,

u(t) is the unit step function, k is a constant which accounts for the
relative magnitude'of L and L, as well as the previously ignored inductive

coupling, and all other quantitites are defined in Fig. V-2. The secondary

current, I(t), is easily computed using Laplace transform methods to be

I(t) = -kV/_[V Sm( ) 0) u(t - To) - (Vy + V) sm(t - Tl) u(t-Tp)

/1C

+, sin(t - T2) u(t - Tz)]. | (V-24)
JIT

Given that the capacitance per unit length of the coaxial feeder cable
is 247.7 pF/m and that the cable length is 5.46 m, the equivalent capaci-
tance, C, is calculated to be 1.35 nF. The inductance of the feeder cable
connection can be estimated by assuming that the connection geometry is
roughly rectangular and that the radius of the conductor forming the rec-

tangular loop is essentially constant; thus, the inductance can be calcu-

-7
L = 2x10~7 o [enf22)\ - )
[n<_p_> a] (V-25)

lated using
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where L is in henries, & is the perimeter of the loop, p is the radius of
the conductor, and o is a constant which depends on the ratio of the
lengths of the rectangle's sides [48]. The configuration is approximately
a 61.0 cm by 122.0 cm rectangular loop with a mean conductor radius of
0.48 cm; « is found from Ref.[48Jto be 2.962. Thus the equivalent induc-
tance, L, is calculated to be 3.2 pH.

The current calculated with Eg. (V-24) is plotted in Fig. V-3 using
the estimated values of the external circuit parameters and assuming that
LDPF is the 33 nH inductance mentioned in Chapter IIl. Furthermore, the
parameters used to describe the DPF current waveform, which are listed in
the figure, were selected as typical. For an appropriate choice of the
constant k, the results presented in Fig. V-3 compare very favorably with
the experimental results presented in Fig. IV-10, particularly with re-
spect to polarity and frequency of oscillation. It is noteworthy to
mention that the ratio of the first two peaks depends on the presence of
the current "dip" shown in Fig. V-2(b). For example, the ratio of the
first to the second peak in Fig. V-3 is about 1.61, which corresponds well
with the experimentally observed ratio of 1.55 (Fig. IV-10); however, if
A12 is zero, the ratio of the peaks of the resulting waveform is approxi-
mately unity. Also, the experimentally observed shot-to-shot variation in
the first peak of the waveform qualitatively corresponds to variations in
the parameters specified in Fig. V-2(b) as well as the value of k.

When the auxiliary electrode is connected to the DPF cathode, the
potential difference between the auxiliary electrode and the DPF anode is
the capacitor bank voltage. Since the chamber pressure is such that the
DPF is probably operated near the Paschen breakdown minimum [49], break-

down can occur easily between the auxiliary electrode and the DPF anode




| RS b |

74

v ™ v LA
T ._.1

‘su gz = 13V ‘v
UL PajuaSaL

L ‘sSu g¢ = Nuq pue
OLL = CIV “¥Y 062 = "IV “4u GE°{ =2 “H1 2°€ = 7 404 (q)g-A bL4
d uoLle3tdxa ayy 03 (e)z-p "HL4 UL umoys 3LNJJLD 3y3 34O asuodsay

i e o
A RN
. s b

“g-pA b4

(v) /()1

W
":
. i N
e X Ky e G "’ N oy




75

sometime prior to the formation of the pinch thus completing the secondary
current path. Breakdown also apparently occurs between the auxiliary
electrode and the DPF chamber since a measurable current was not observed
to flow through the auxiliary electrode external to the DPF chamber. As
the distance between the electrodes increases, the electrodes are appar-
ently shielded from each other and breakdown is less 1likely to occur.
Therefore, the average of the peak beam current over a number of shots
increases since the magnetic deflection caused by the secondary current is
less likely to occur.

On the other hand, when the auxiliary electrode is effectively con-
nected to the DPF anode through the uncharged capacitance of the coaxial
feeder cable, breakdown initially occurs between the auxiliary electrode
and the DPF vacuum chamber since the chamber is at the cathode potential
and is closer to the auxiliary electrode than any other part of the cathode
structure. A series CLC circuit consisting of the 84-uF DPF capacitor
bank, the 1.35-nF equivalent capacitance of the coaxial feeder cable, and
the 3.2-pH inductance of the feeder cable connection is formed once break-
down occurs. It can be shown that since the effective capacitance of the
feeder cable is much less than that of the DPF capacitor bank, the voltage
across the feeder cable capacitance reaches nearly twicé the voltage on the
DPF capacitor bank at breakdown in a time which is short in comparison to

the DPF discharge and is given by
=5 /IT=0.1us (v-26)

where C is the effective capacitance of the feeder cable.

Thus, when the auxiliary electrode is connnected to the coaxial feed-

er cable, the distributed inductance of the circuit causes the potential of
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the electrode to be somewhat higher than the potential it assumes when

connected to the DPF cathode. Consequently, shielding of the electrode is
somewhat more difficult when the electrode is connected to the feeder cable

and requires a larger interelectrode distance for comparable shielding, a
conclusion supported by the experimental results.

As a final consideration, an estimate is made of the secondary current
necessary to produce a transverse magnetic flux density of sufficient
magnitude to significantly deflect the DPF electron beam. If it is assumed
that a Larmor radius equal to the radius of the DPF anode aperture
(0.75 cm) is sufficient to deflect the beam and that the beam passes
through a region in which the transverse magnetic field is relatively
constant over a characteristic length of at least one Larmor radius, the
required magnetic flux density for a 150 keV electron initially propagat-
ing parallel to the DPF axis is calculated using Eq. (V-16) to be 0.19 T.
Ampere's Law can be used tc derive the relationship between the magnetic
flux density and the secondary current. If it is assumed that the secon-
dary current occupies a roughly cylindrical channel with a radius less than

some radius b, the current and magnetic flux density are related by

I =2 B = 9.3x10° b (V-27)

o
where b is chosen to be the distance from the center of the secondary
current channel to the DPF axis and B = 0.19 T. Since b is probably on the
order of a centimeter, the secondary current is on the order of 10 kA which
is significantly less than the 500 kA main discharge current and could

conceivably be produced by the proposed model.

R I . . - . - - . . Y |
SRS S S N A O T VP TP S Sy S, W ™ S 1

IR 4 WOTOT PP

IR T RPN T IY ¥ 3 VIR ISP TES N RN SN

o Ral LT aae_ e

- a’a



:v.‘_-.“ ARG Ll el Ll OAEAEMONOMENCMVEADAIME ARSI RSN SE SSSEE A RE S AL  AG S R A A ARSI
t;
F
|
Chapter VI
CONCLUSION
-
\‘ This investigation has addressed the possible enhancement of the DPF
ij electron beam. The first part of the investigation found that an axial
magnetic field in the drift region improved the probability of observing an
electron beam with a relatively larger peak current. The second part of
ég the investigation showed that the presence of a third electrode in the DPF
chamber has, on the average, an adverse effect on the DPF electron beam.
SI The magnetic guiding field increased the probability of observing a
i‘ peak beam current greater than 10 kA from 10% of the discharges to 20%.
The improvement is attributed to a reduction in beam loss achieved by
Sﬁ confining the electrons in the beam to a Larmor radius less than the radius
. of the drift tube. An axial magnetic field can also be used to counteract
- Coulomb expansion and magnetic self-pinching of the beam; however, this is
not considered to be a major factor in the reduction of beam loss since
peak beam currents well in excess of the Alfvén limit were observed without
gg the use of the guiding field. Further investigation into the improvement
of the beam reproducibility should address the operating conditions of the
- DPF so that the particle accelerating mechanisms can be made more repro-
ducible.

The adverse effect on the average peak beam current transported
ij through the drift tube was shown to have an inverse relationship to the
o distance between the auxiliary electrode and the DPF anode. This effect is
. 77
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more pronounced when the auxiliary electrode is connected to the coaxial
feeder cable as opposed to the cathode. Also when the electrode is con-
nected to the feeder cable, the current measured in the inductive energy
storage circuit was shown to have the form of an impulse-like response of
an underdamped RLC circuit. The impulse excitation is attributed to the
time rate of change of the DPF current at the pinch and a lumped-parameter
model is proposed which suggests that a coupling exists between the DPF
discharge circuit and the inductive energy storage circuit. The response
predicted by the model was shown to compare favorably with the experi-
mentally observed results.

The diagnostic results of this investigation are not sufficient to
conclusively determine the role of the auxiliary electrode and its effect
on the electron beam. However, a model based on the available data is
proposed as an explanation for the observed beam disturbance. The model
proposes that an asymmetric current produces a magnetic field component in
the region of the anode aperture that is transverse to the DPF axis and of
sufficient strength so as to magnetically deflect the electron beam. The

presence of the auxiliary electrode apparently acts as the catalyst for the

formation of the secondary current path. Furthermore, the distance

between the auxiliary electrode and the DPF anode for which the electrodes
are shielded from each other depends on whether the auxiliary electrode is
initially connected to the coaxial feeder cable or the DPF cathode. This
dependence is attributed to a voltage doubling effect which occurs when the
auxiliary electrode is connected to the coaxial feeder cable.

To determine the validity of this hypothesis, three experiments are
suggested. First, the spatial anisotropy of neutron emission using deute-

ruim as the fill gas could be measured for various electrode separations.
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This experiment will establish whether the accelerating mechanisms are
indeed unaffected and may also provide clues as to the degree to which the
beam has been deflected (assuming that the ion beam produced by the DPF
experiences the same type of disturbance as the electron beam). Second,
magnetic field measurements in the region of the auxiliary electrode tip
and the DPF anode aperture could be made for various electrode separations
in order to establish whether magnetic interaction is a viable explanation
for the beam disturbance. Third, a fast, high-voltage probe could be used

to verify the voltage doubling effect on the equivalent capacitance of the

coaxial feeder cable.
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APPENDIX

. Diagnostic Equipment

. DPF Remote Control System
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Appendix A

DIAGNOSTIC EQUIPMENT

A1l of the diagnostic equipment, with the exception of the Faraday
cup, are described in this appendix. These diagnostics include the
Rogowski probe, PIN diodzs, soft x-ray pinhole photography, image con-

verter camera, and integrated B probe.

Self-Inteqrated Rogowski Probe

The self-integrated Rogowski probe, which has a sensitivity of
7.45 kA/V when terminated into 1 MQ, measured the primary DPF discharge
current by encircling the DPF anode as shown in Fig. A-1. The design of
the probe followed the procedure given in Ref. [50].

The probe was constructed by winding 18-AWG magnet wire around the

inner core of a l-m length of RG-8 coaxial cable. The windings are

_electrostatically shielded by an electrically grounded, 0.13-mm-thick

copper foil which completely encircles the windings except for a 3.0-mm
slit along the length of the probe. Since the response of the probe is
proportional to the time derivative of the DPF current, the signal must be
integrated. It can be shown that the probe can be made self integrating by
connecting a low-resistance shunt in parallel with the probe coil. The
shunt must be such that R<< wl where R is the combined resistance of the
shunt and the coil wire, w is the characteristic radian frequency of the
signal being measured, and L is the inductance of the probe coil. The

above 1inequality requires that the characteristic duration for the
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DPF Anode
re-— DPF Cathode
Pyrex Insulator
Rogowski Probe T~ 84 \F
+
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Fig. A-1. Location of the Rogowski probe in the DPF apparatus

that was used to measure the DPF discharge current.
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Fig. A-2. Electrical schematic of the Rogowski coil, 0.29-Q
shunt resistor, and 50-Q impedance-matching resistor.

c

L

N N N S e O D T T, A A




C a8
4"; transient signal must be much less than the L/R time constant of the probe
circuit. Thus, the probe acts as a current transformer where the output,
! which is measured as the voltage across the shunt resistor, is directly
" proportional to the DPF current.
" The shunt resistor is a 2.54-cm length of 28-AWG stainless steel wire
? with a calculated resistance of 0.29 Q. A 50-@ resistor, as shown in
Fig. A-2, is connected in series with the probe so as to match the
impedance of the probe to the signal cable. :
e PIN Diodes
- PIN diodes, which were used to measure relative x-ray dose rate,
© differ from ordinary diodes in that the region which separates the p-doped
:j and n-doped layers of the diode is much thicker than in a conventional
junction diode. The output is proportional to the number of electron-hole
! . pairs created by x-ray photon absorption in this thicker, intrinsic
'_Zj: ' region. As such, the diode signal is dependent on the position of the
. diode relative to the x-ray source as well as the energy of the x-ray
. photons which determine the photon absorption length.
The response of the diodes is easily related to the x-ray dose rate in
Rad(Si)/s by considering the active region of the diodes. However, a
" calculation of the x-ray fluence is considerably more difficult since this
requires knowledge of the photon spectral distribution. For the DPF, the
_ photons have a rather broad distribution which not only varies during the
' pulse but also from shot to shot. Thus, in this investigation, the PIN
:t: diodes are used to provide relative data about the intensity of the x rays
& in a given spectral region as determined by absorption filters which are
mounted between the diodes and the x-ray source.




e

As shown in Fig. A-3, the PIN diodes were reverse biased using a 75-V

dc power supply, and the signals were capacitively coupled to an oscillo-
scope. The two types of diodes which were used have intrinsic layer

thicknesses of 125 ym and 20 um, and active areas of 25 mm2 and 1.12 mmz,

respectively.

Soft X-Ray Pinhole Photography

As shown in Fig. A-4, simple geometrical optics can be used to trace
rays through the aperture of the soft x-ray pinhole camera. The "pinhole"
in the camera consists of a 20- um-diameter hole in a 0.76-mm-thick sheet
of tantalum. The hole is covered with an additional 0.02 mm of beryllium,

1 transmission of 2.3 keV, so as to provide a vacuum seal.

which has an e~

The pinhole camera consists of three aluminum flanges, a cylindrical
aluminum chamber, and a Polaroid film pack which are assembled as shown in
Fig. A-5. X rays emitted from the pinch region pass through the pinhole
and are imaged at the back plane where they expose the photographic film.
The cylindrical chamber was slightly overpressurized with helium so as to
decrease the absorption of soft x rays.

The magnification of the pinhole imaging system is determined as

M=9 (A-1)

%

where dq is the distance from the object to the pinhole and d, is the
distance from the pinhole to the image. Since d2 is largely determined by
the length of the cylindrical chamber, the magnification of the imaging
system can be changed by altering the chamber length. Two chambers were

available for use with this system having lengths of 17.1 c¢cm and 5.1 cm

giving magnifications of 1.1 and 0.675, respectively.
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Fig. A-4. Ray tracing in a pinhole imaging system.
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Fig. A-5. Exploded view of the soft x-ray pinhole camera.
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Image Converter Camera System

The image converter camera (ICC) system consists of a TRW STL model 1D
ICC, a streak photography plug-in unit, a framing photography plug-in
unit, and an auxiliary optical extension mounted in front of the ICC. The
ICC system is mounted in an aluminum enclosure which functions as an
electrostatic shield as well as a convenient roll-around cart.

Streak durations available from the streak unit range from 0.5 us to
10 us. The framing unit produces three consecutively timed frame photo-
graphs with electronic shutter speeds of 5 ns, 10 ns or 20 ns. The time
delay between the first and second frames, and the second and third frames
can be indepenently preset to be in the range of 50 ns to 500 ns.

The ICC imaging system, including the optical extension, consists of
a 127-mm f/2.0 lens, a 203-mm f/7.1 lens, a mechanical shutter with an ad-
justable f-stop, and a removable 0.13-mm s1it used for streak photography.

The overall magnification of the system is 1:0.23.

B Probe and Passive Integrator

The magnetic flux density produced by the guiding field solenoid was
measuréd using a calibrated, passively integrated B probe. The probe is a
10-turn, single-layer solenoid constructed with 28-AWG magnet wire wound
on a 5.0-mm-diameter ceramic form. The probe is integrated by a passive RC
integrator having a time constant of about 1.6 ms. The sensitivity of the
probe and integrator was found to be 66.0 T/V where the calibration is
valid only if the magnetic field lines linking the probe are parallel to
the probe axis.

The necessarily small cross-sectional area and length of the sole-
noidal probe, as well as the magnitude of the magnetic flux density being

considered, produced output voltages only on the order of a few millivolts.




Consequently, an active amplifier with a measured voltage gain of 48 and a

bandwidth of approximately 10 kHz was used to increase the sensitivity of

the probe.
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Appendix B
GUIDING FIELD WINDING CONFIGURATION

A vacuuﬁ valve was included in the beam guiding apparatus so as to
facilitate the frequent maintenance required by the Faraday cup. The
geometrical configuration of the apparatus (see Fig. III-5) was chosen as
the simplest design for the available components; however, the vacuum
valve precluded the use of a simple, one-piece guiding field solenoid.
Without magnetic field compensation, the 4.4-cm gap between the ends of the
guiding field solenoidal sections inside the valve is a region of lower
magnetic flux density than the region inside the solenoidal sections.
Compensation was achieved by adding extra windings to the ends of both
solenoidal sections closest to the valve so that the magnetic flux density
on axis at the midpoint between the ends of the solenoidal sections was
substantially increased relative to the flux density at the midpoint for no
compensation.

To provide guidelines for the construction of the compensation wind-
ing configuration, the magnetic flux density at the midpoint between the
ends of the solenoidal sections was approximated as the superposition of
flux densities produced by many single loops of wire, all carrying a
current I. A circular loop of wire, having a radius of a, produces a

magnetic flux density on its axis which is given by

2
B = M 21 (B-1)

—e———————.

2(az + d2)**
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where o is the permeability of free space and d is the distance along the
axis from the loop to the point of interest [51]. Eq. (B-1) was summed
over a number of loops in appropriate geometrical arrangements for several
different winding configurations. The resulting magnetic flux density was
compared to the flux density produced inside the solenoidal sections which

was approximated by

B =Y NI (B-2)

2

where 2 is the total length of the guiding field solenoid and N is the
number of turns. Imposing the condition that the winding configuration
must produce a flux density at the midpoint approximately equal to the flux
density inside the solenoidal sections, this procedure yielded a config-
uration consisting of an extra two layers of windings which are in addition
to the main windings of the solenoid. These éxtra layers are located at
the end of each solenoidal section closest to the valve and extend 3.8 cm
along each section.

When the guiding field apparatus was assembled on the DPF, the mag-
netic flux density at the midpoint between the ends of the solenoidal
sections was found to be about a factor of two lower than the magnetic flux
density in the interior of the solenoid. Although the value of the minimum
magnetic flux density is below the calculated value, the maximum Larmor
radius of an electron at the midpoint is still well within the local radius
of the drift tube. A plot of the magnetic flux density along the sole-
noid's axis in the region of the vacuum valve is presented in Fig. B-1. It
should be noted that without compensation, the magnetic flux density at the

midpoint would have been about a factor of 4.5 less than the flux density

inside the solenoid as was measured in the early stages of the solenoid's
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construction. The maximum Larmc. radius for this case would have been

unacceptably large.

The use of the compensation windings introduces the possibility thot
the electrons will reflect from magnetic mirrors as they travel from a weak
field region into a stronger field region. This effect would be most
likely to occur as an electron travels from the weak field region inside
the vacuum valve toward the much stronger field region produced by the
compensation windings at the opening of the bottom section of the guiding
field solenoid (see Fig. B-1). If o is the angle between the electron's
velocity vector and its component parallel to the magnetic field lines in

the weak field region, reflections can occur if

sin26 > Smin (B-3)

max

0|

where Bmin is the magnetic flux density in the weak field region and Bmax

is the flux density in the stronger field region [52]. For a coil current

of 150 A, Bnax

tively. Thus, the minimum value of © required for reflection is 31.3°.

and Bmin were measured to be 0.130 T and 0.035 T, respec-

Since the DPF anode aperture limits 6 to 10°, electrons propagating

through the beam guiding solenoid are not subject to reflections.
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Appendix C
DPF REMOTE CONTROL SYSTEM

The charging of the DPF capacitor bank and the capacitor in the beam
guiding system was remotely controlled by a modular control system from
inside the laboratory screenroom. The control system features independent
control of up to four separate capacitor banks as well as a passive safety

interlock system. Three basic commands are available from the system:

(1) a "Dump" command which opens or closes a safety dump switch that
is used to safely discharge energy stored in capacitor banks
which cannot be discharged otherwise;

(2) a "Charge" command which initiates the charging cycle of the
capacitor banks; and

(3) an "Interrupt" command which stops the charging of the capacitor

banks but does not discharge them.

In addition, the charge command to each individual bank can be indepen-
dently delayed to compensate for differences in charging rates between
banks, the voltage on each bank can be monitored on an analog meter inside
the screenroom, the charging cycle of each individual bank can be automa-
tically interrupted when the voltage on the bank reaches a preset level,
and a "Fire" command is available from the control system to initiate the
experiment. The control system logic, a diagram of which is presented in

Fig. C-1, is accomplished with electrically-rugged, electro-mechanical
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Fig. C-1. Remote control logic diagram. Modules A t_:hrough D are o
located outside the screenroom and each interfaces the )
control system to a single capacitor bank. "
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N Appendix D i

DPF TRIGGER SYSTEM ,

. 3

- .

55 The DPF requires a trigger system which can initiate breakdown in the :i

v trigatron switches affixed to each capacitor bank with a relative jitter of ;

o less than 5 ns. The circuit designed to meet this requirement is shown in 8

| Fig. D-1. The trigatron trigger pulse is initiated by discharging the

Eﬁ 0.5-uF capacitor, which is transformer coupled to a spark gap, through a

% 3C45 thyratron. The spark gap simultaneously discharges four 500-pF door-

X knob capacitors which are transformer coupled to the trigatron trigger

ii electrodes. Since two capacitor bank modules were used throughout this
investigation, only two of the trigger channels shown in the figure were

a; used. The trigger pulse applied to the trigatron has a risetime of 25 ns

'. and a peak voltage of 25 kV.

& Commercially available TTL pulse delay generators were used to

sequence the triggering of the DPF trigger system, beam guiding field,

1 4

L]

’
bl TR LR AT &4
e g fa 0 o'y

image converter camera, and oscilloscopes. For the equipment requiring a

~

Y medium high-voltage pulse, the Krytron pulse amplifier circuit shown in
Fig. D-2 was used to step the TTL pulse up to a 600-V pulse having a

& risetime of less than 10 ns and a throughput delay of about 350 ns.
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